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We recently reported that N-adamantyl-4-methylthiazol-2-amine 
(KHG26693) attenuates glutamate-induced oxidative stress and 
inflammation in the brain. In this study, we investigated KHG 
26693 as a therapeutic agent against glutamate-induced auto-
phagic death of cortical neurons. Treatment with KHG26693 
alone did not affect the viability of cultured cortical neurons 
but was protective against glutamate-induced cytotoxicity in a 
concentration-dependent manner. KHG26693 attenuated the 
glutamate-induced increase in protein levels of LC3, beclin-1, 
and p62. Whereas glutamate decreased the phosphorylation of 
PI3K, Akt, and mTOR, these levels were restored by treatment 
with KHG26693. These results suggest that KHG26693 inhibits 
glutamate-induced autophagy by regulating PI3K/Akt/mTOR sig-
naling. Finally, KHG26693 treatment also attenuated glutamate- 
induced increases in reactive oxygen species, glutathione, glu-
tathione peroxidase, and superoxide dismutase levels in cortical 
neurons, indicating that KHG26693 also protects cortical neu-
rons against glutamate-induced autophagy by regulating the 
reactive oxygen species scavenging system. [BMB Reports 2020; 
53(10): 527-532]

INTRODUCTION

Excess glutamate and activation of glutamate receptors result 
in excitotoxic neuronal injury and may contribute to neuro-
logical disorders, including neurodegenerative diseases (1-3). 
However, the precise mechanisms of glutamate-induced neuro-

toxicity are not fully understood yet. Mitochondrial dysfunc-
tion and oxidative stress are two major events in glutamate- 
induced toxicity. Glutamate-induced ROS (reactive oxygen spe-
cies) production results in oxidative stress, subsequently alter-
ing mitochondrial dynamics (4). The ROS-induced oxidative modi-
fication of macromolecules contributes to the pathology of neu-
rological diseases (5). The high consumption of oxygen, high 
concentration of iron, and low levels of moderate protective 
antioxidant systems in the brain make this organ particularly 
vulnerable to oxidative stress (6). As such, antioxidants that 
scavenge free radicals may be useful for treating oxidative stress- 
related toxicity in the brain (7). Glutamate-induced neuronal 
damage may include mechanisms involving autophagy (8, 9). 
Under normal conditions, autophagic activity is prosurvival, 
preventing excessive ROS production and induction of inflam-
matory responses (10). However, dysregulation of autophagy 
may critically affect immune system function and subsequently 
induce autophagic cell death (11, 12). Autophagic cell death is 
implicated in glutamate-induced cytotoxicity, and measures to 
inhibit autophagy attenuate glutamate-induced neuronal death 
(13, 14). Glutamate induces an imbalance of mitochondrial 
dynamics and activates autophagy markers such as beclin-1 
and LC3-II (15), but the cross-regulation of glutamate neuro-
toxicity and autophagy is not clear. Thus, therapeutic strategies 
against glutamate-induced autophagic cell death have not been 
intensively investigated. 

To develop protective agents against glutamate neurotoxicity, 
we synthesized a thiazole amine derivative, N-adamantyl-4- 
methylthiazol-2-amine (KHG26693) (16), and found that it pro-
tects cortical cells against A-induced neuronal injury (17) and 
inhibits lipopolysaccharide-induced brain inflammation (11, 
18). We recently found that KHG26693 also attenuates gluta-
mate-induced oxidative stress and inflammation in the brain 
(19). In the present study, we further investigated the mecha-
nism by which KHG26693 protects neurons against gluta-
mate-induced toxicity and autophagic cell death.
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Fig. 1. Effects of KHG26693 on glutamate-induced cortical neuron 
injury. Cell viability was determined by MTT assay. (A) Glutamate 
treatment for 12 h at 37oC decreased cell viability in a concentra-
tion-dependent manner (1, 3, 5, 7, and 10 mM). (B) Treatment of 
KHG26693 at different concentrations (5-50 M) for 12 h at 37oC 
ameliorated glutamate (5 mM)-induced neuron injury. (C) Time 
courses of KHG26693 (20 M) effects on glutamate (5 mM)-indu-
ced toxicity. Data are presented as means ± S.D (n = 3). *Indicates 
statistical significance between glutamate group and glutamate 
group treated with KHG26693 (P ＜ 0.01) (n = 3).

RESULTS AND DISCUSSION

KHG26693 attenuates glutamate-induced death of cortical 
neurons
Although autophagy is generally neuroprotective, recent studies 
reports that over-stimulated autophagy may play a role in gluta-
mate-induced neuronal cell death and the regulation of auto-
phagy pathway in glutamate-induced neurotoxicity may be a 
useful strategy to modulate neuronal cell death (8, 9, 13). It also 
reported that suppression of autophagy might be beneficial in 
neurodegenerative damage (20). To our knowledge, however, 
the physiological role of autophagy in glutamate-induced neuro-
nal cell death are rarely understood so far. In this study, there-
fore, we investigated the role of autophagy in glutamate-induced 
cortical neuronal injury. We also examined the effect of auto-
phagy inhibition on the viability of glutamate-induced neuro-
nal cells together with the effects of KHG26603 on this injury.

As shown in Fig. 1A, glutamate treatment for 12 h at 37oC 
reduced the viability of cultured cortical neurons in a concen-
tration-dependent manner. We have used 5 mM glutamate to 
perform the subsequent experiments because it was moderate 
concentration for glutamate-induced cell injury. KHG26693 
significantly attenuated glutamate-induced cell death at differ-
ent concentrations (5-50 M) compared with glutamate-treated 
group (P ＜ 0.01) (Fig. 1B). We have selected 20 M KHG 
26693 to perform the subsequent experiments because this 
concentration was sufficient to attenuate glutamate-induced cell 
injury. KHG26693 alone showed no effects on the cell viability 
of cortical neurons under the doses up to 50 M (Fig. 1B).

Glutamate at 5 mM concentration caused a cortical neuronal 
cell injury as the time prolonged (Fig. 1C). However, treatment 
with 20 M KHG26693 significantly attenuated glutamate- 
induced neuronal cell death (P ＜ 0.01) (Fig. 1C). Taken toge-
ther, these results suggest that KHG26693 efficiently protect 
cortical neurons from glutamate-induced cytotoxicity in cultured 
cortical neuronal cells.

KHG26693 attenuates glutamate-induced autophagy in 
cortical neurons
Autophagy is modulated in a cooperative process by several 
autophagy marker proteins such as LC3 (microtubule-associated 
protein 1 light chain 3), p62, and beclin 1. Recent studies 
reported that glutamate-induced cortical neuronal cell injury is 
related with protein expression of LC3, p62, and beclin-1 (13, 
21). To determine the involvement of neuronal autophagy in 
glutamate-induced cortical neuronal cell injury, we examined 
the expression levels of LC3, p62, and beclin-1 at 12 h after 5 mM 
glutamate treatment in the presence or absence of 20 M 
KHG26693. Glutamate treatment dramatically enhanced the 
protein expressions of LC3 and beclin-1 compared with the 
control group as shown in Fig. 2A-C, suggesting that the auto-
phagy activation was increased during the process of gluta-
mate-induced neuronal cell damage. These results are consis-
tent with previous studies reported by other groups, confirming 

that glutamate may enhance autophagy in cortical neurons 
(13, 21). However, KHG26693 significantly suppressed the 
glutamate-induced protein levels of LC3 and beclin-1 close to 
the control group (Fig. 2A-C), suggesting that down-regulation 
of autophagy activation may play a critical role in the work of 
KHG26693. 

In contrast to the enhanced expression of LC3, the protein 
level of p62 was markedly decreased by glutamate treatment 
(Fig. 2A and 2D), suggesting the possibility for the degradation 
of this LC3 binding protein by autophagy as reported before by 
other investigators (22). Once again, KHG26693 efficiently 



 KHG26693 suppression of autophagy
Seung-Ju Yang, et al.

529http://bmbreports.org BMB Reports

Fig. 2. Effects of KHG26693 on glutamate-induced changes in pro-
tein levels of LC3, beclin-1, and p62 in cortical neurons. (A) Equal 
amounts of crude extracts were immunoblotted using primary anti-
bodies against each protein. (B-D) Bar graphs showing quantifica-
tion of protein levels calculated using densitometry; the ratio of pro-
tein intensity to -actin intensity was assessed. Data are presented as 
means ± S.D (n = 3). *Indicates statistical significance between gluta-
mate group and glutamate group treated with KHG26693 (P ＜ 0.01) 
(n = 3).

Fig. 3. Effects of KHG26693 on PI3K/Akt/mTOR signaling in gluta-
mate-treated cortical neurons. (A) Equal amounts of crude extracts were 
immunoblotted using primary antibodies against each protein. (B-D) 
Bar graphs showing quantification of protein levels calculated using 
densitometry; the ratios of p-PI3K/PI3K, p-Akt/Akt, and p-mTOR/mTOR 
are expressed. Data are presented as means ± S.D (n = 3). *Indicates 
statistical significance between glutamate group and glutamate group 
treated with KHG26693 (P ＜ 0.01) (n = 3).

attenuated the protein level of p62 (Fig. 2A and 2D), indicating 
that glutamate enhanced autophagy activation in cultured 
cortical neurons and the neuronal injury was rescued via sup-
pression of autophagy by KHG26693. Therefore, it is possible 
that the attenuation of autophagy activity was coincided with 
neuroprotective function of KHG26693. Taken together, the 
results in Fig. 1 and Fig. 2 suggest that KHG26693 may play 
an important role to protect cortical neurons from the gluta-
mate-induced neuronal cell injury via suppression of autophagy.

Effects of KHG26693 on glutamate-induced PI3K/Akt/mTOR 
signaling
Mechanisms for the regulation of autophagy is very compli-
cated and involves various and distinct signaling process. 
Previous studies suggested that PI3K/Akt/mTOR may be impor-
tant signaling pathways against autophagy activation in neuro-
nal cells (21, 23, 24). It also has been reported that activation 
of the PI3K/Akt/mTOR signaling pathway promotes necrosis 
through the suppression of autophagy (25) and caffeine induces 
apoptosis by enhancement of autophagy via PI3K/Akt/mTOR 
inhibition (26). Actually, PI3K/Akt plays a crucial role in the 
proliferation of adult hippocampal neural progenitor cells (27). 
Thus, this signaling pathway represents a potential target for 
controlling glutamate-induced autophagy in neuronal diseases 
(21, 28). 

In these experiments, we examined whether KHG26693 acts 
through the PI3K/Akt/mTOR signaling pathways to suppress 
glutamate-induced neuronal injury. Whereas the phosphoryla-

tion of PI3K, Akt, and mTOR was reduced in cells treated with 
glutamate, phosphorylation status was maintained in cells also 
treated with KHG26693 (Fig. 3A-D). These results suggest that 
KHG26693 inhibits autophagy by preventing glutamate-induced 
suppression of PI3K/Akt/mTOR signaling.

KHG26693 mitigates glutamate-induced changes in ROS, 
GSH, GSH-Px, and SOD levels in cortical neurons
ROS are produced during many normal cellular processes 
interacting with oxygen. It has been reported that excess pro-
duction of ROS is one of the critical pathological factors in 
neurodegenerative diseases and glutamate toxicity is closely 
related with accelerated production of ROS (29). As shown in 
Fig. 4A, exposure of cortical neurons to glutamate caused an 
increase in ROS level up to 3.4-fold, while treatment with 
KHG26693 significantly suppressed glutamate-induced increases 
in ROS. Therefore, KHG26693 may protects cortical neurons 
against glutamate-induced autophagy via suppression of exces-
sive accumulation of ROS. These results are consistent with 
our current findings that KHG26693 attenuated beta-amyloid- 
induced ROS production in cultured cortical neurons, further 
supporting the antioxidant properties of KHG26693 (17).

Reduced glutathione (GSH) is a cellular antioxidant that 
detoxifies ROS, and GSH depletion leaves neurons vulnerable 
to damage from oxidative stress (30). As shown in Fig. 4B, expo-
sure of cortical neurons to glutamate resulted in GSH depletion 
in company with ROS production compared to control group. 
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Fig. 4. Effects of KHG26693 on ROS (A), GSH (B), GSH-Px (C), 
and SOD (D) in glutamate-treated cortical neurons. Data are pre-
sented as means ± S.D (n = 3). *Indicates statistical significance be-
tween glutamate group and glutamate group treated with KHG 
26693 (P ＜ 0.01) (n = 3).

However, KHG26693 efficiently attenuated glutamate- 
induced depletion of GSH (Fig. 4B), suggesting that the pro-
tective effect of KHG26693 against glutamate-induced neuronal 
cell injury may be also related with recovery from GSH depletion. 

In addition to GSH, antioxidant enzymes including GSH-Px 
(glutathione peroxidase) and SOD play an important roles in 
maintaining the redox homeostasis within cells against ROS 
production. Therefore, antioxidant enzymes represent a useful 
therapeutic strategy against cellular oxidative damage. In the 
present study, we examined the activity change of GSH-Px and 
SOD in the glutamate treated cortical neurons. ROS scavenging 
enzymes were down-regulated by glutamate treatment (Fig. 4C 
and 4D). On the other hand, cells in the group treated with 
KHG26693 showed significantly higher activities of GSH-Px 
and SOD than those in the glutamate group (Fig. 4C and 4D). 
Taken together, our results showed that glutamate reduced 
GSH level as well as activities of SOD and GSH-Px (Fig. 4). 
However, KHG26693 treatment attenuated glutamate-induced 
decrease in SOD, GSH-Px, and GSH level (Fig. 4) through a 
possible mechanism involving inhibition of ROS production 
(Fig. 4). These results suggest that KHG26693 may act as a 
ROS-scavenging antioxidant to protect cortical neurons against 
glutamate-induced autophagy.

In summary, KHG26693 effectively protects cortical neurons 
against glutamate-induced toxicity via the suppression of auto-
phagy and ROS production. This neuroprotective effect coincides 
with the modulation of PI3K/Akt/mTOR signaling. Our results 
also provide useful insights for strategies aimed at modulating 
glutamate-induced neuronal cell injury, although the precise 
mechanisms by which KHG26693 achieves the observed effects 
should be investigated further.

MATERIALS AND METHODS

Materials
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) and dimethyl sulfoxide (DMSO) were purchased from 
Sigma Chemical Co. (St. Louis, MO). RPMI medium, Dulbecco’s 
minimum essential medium (DMEM), fetal bovine serum, 
horse serum, and Fura-2 AM were obtained from Invitrogen 
(Carlsbad, CA). Anti-LC3, anti-p62, anti-beclin-1, anti-PI3K, anti- 
phosphorylated (p)-PI3K, anti-Akt, anti-p-Akt, anti-mTOR, anti- 
p-mTOR, and -actin were purchased from Cell Signaling 
Technology (Beverly, MA). N-Adamantyl-4-methylthiazol-2-amine 
(KHG26693) was synthesized and characterized as previously 
described (16).

Primary cultures of cortical neurons and drug treatments
Primary rat cortical neurons were prepared from the brains of 
embryonic day 16/17 Sprague-Dawley rats as previously des-
cribed with a slight modification (17, 31). Briefly, dissected 
cortical tissues were incubated in 1 ml Accutase (Millipore, 
Bedford, MA) for 10 min at 37oC and then filtered through 
nylon mesh to obtain a single-cell suspension. Cells (5 × 105 
cells/ml) were plated on poly-D-lysine- and laminin-coated 
multiwell plates and cultured in serum-free DMEM supple-
mented with 2% B-27 and 0.5 mM glutamine at 37oC in a 
humidified 5% CO2 incubator. Two days later, the cells were 
treated with 5 M cytosine--D-arabinofuranoside for 24 h to 
eliminate nonneuronal cells. The medium was replaced with 
DMEM supplemented as described above. The cells were cul-
tured for 7 days at 37oC with 5% CO2 to yield purified cortical 
neurons.

KHG26693 was freshly prepared as a stock solution (10 
mM) in DMSO and then diluted to the desired final concentra-
tions in treatment medium as described elsewhere (17). Equiva-
lent amounts of DMSO were used for controls and gluta-
mate-treated cells for all experiments.

Cell viability
Cultured cortical neurons were treated with glutamate at 
different concentrations for up to 24 h, and then KHG26693 at 
various concentrations was added to the culture medium as 
described in the figure legends. Cell viability was determined 
by MTT reduction assay, as described previously (17). The 
cultured cells were treated with MTT solution (final concen-
tration, 1 mg/ml) for 4 h, and the formazan formed in the intact 
cells was dissolved in MTT lysis buffer. The absorbance at 595 
nm was recorded with a microplate reader. Cell viability was 
expressed as a percentage of the control.

Western blotting 
Total protein extracts were separated by 10% SDS-polyacry-
lamide gel electrophoresis, transferred to nitrocellulose mem-
branes, and probed with LC3, p62, beclin-1, p-PI3K, PI3K, 
p-Akt, Akt, p-mTOR, and mTOR antibodies. Proteins were de-
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tected by enhanced chemiluminescence according to the 
manufacturer’s instructions (Amersham, Buckinghamshire, UK) 
and analysed using a Molecular Imager ChemiDoc XRS system 
(Bio-Rad, Hercules, CA) as described elsewhere (17). -Actin 
was used to confirm equal protein loading.

Measurement of ROS and GSH level 
ROS levels were measured using the oxidant-sensitive probe 
DCF-DA (2',7'-dichlorofluorescin diacetate) as described previ-
ously (11). Fluorescence intensity at 538 nm with excitation at 
485 nm was measured with a SpectraMax GEMINI XS spectro-
photometer (Molecular Devices, Sunnyvale, CA) according to 
the manufacturer’s protocol.

GSH levels were measured as described elsewhere with a 
slight modification (32). Briefly, 15 l protein-free extracts was 
mixed with 100 l 5',5'-dithio-bis(2-nitrobenzoic acid) (6 mM), 
875 l NADPH (0.3 mM), and 10 l GSH reductase (10 U/ml), 
and the absorbance change at 412 nm was measured with a 
spectrophotometer.

Measurement of GSH-Px and SOD enzyme activities
GSH-Px activity was determined by a coupled assay with 
glutathione reductase as described elsewhere (33). Cell extracts 
were added to the working solution containing 10 mM NADPH, 
84 mM GSH, glutathione reductase, and 15 mM tert-butyl 
hydroperoxide in a 96-well plate, and absorbance at 340 nm 
was measured for 3 min at 25oC.

To measure SOD activity, cell extracts were mixed with 10 
M cytochrome c, 50 M xanthine, and sufficient xanthine 
oxidase to produce a reduction rate of cytochrome c as 
described elsewhere (17, 34). The assay was performed at 25oC 
in 50 mM potassium phosphate buffer (pH 7.8) and 0.1 mM 
ethylenediaminetetraacetic acid (EDTA). 

Statistical analysis 
Statistical comparisons were performed by a single-factor 
ANOVAs followed by Tukey’s post hoc tests. Data from three 
independent experiments were analyzed and are represented 
as means ± standard deviations (SDs). Statistical significance 
was defined as a P-value of ＜0.01.
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